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2focused cavities or when atomic motional wave packet













near resonant laser frequency !
L
. For convenience, we













The symmetric collective spin space V
S
of dimension
2J + 1  2
N
(J = N=2) is spanned by the collective
































= J(J + 1). 

is the symmetric
permutation tensor. The jJ;M i space can be generated















except we note that an arbitrary unimodular pha-












=2 and jJ; Ji = j #; #;   ; #i.
For any realistic system, an inhomogeneous distribu-




makes it impossible to con-
strain the system dynamics within the subspace V
S
. To














































intended coupling between the symmetric collective spin
states, whileH
1
represents a source of inhomogeneous de-
coherence. It causes decoherence as it provides a direct
coupling from the subspace V
S





. A quantitative measure for the unwanted coupling
H
1
is in terms of the leakage parameter. Suppose initially
the system is prepared in a superposition of collective
spin states j(0)i 2 V
S




















(t)j(0)i, still within the same
subspace. The actual nal state is j(t)i = U (t)j(0)i











generally will span more
than V
S
. The leakage can therefore be dened as





 = 0 corresponds to no leakage, while  ! 1 indicates a
complete loss of the system coherence and population.
Denote j(0)i 2 V
S
as a normalized state expanded in

































(t)  1; (5)


































































The evaluation of Eq. (6) is diÆcult as state jJ;M i














terms, involving asymmetric products of ~
(k)
of upto
powers of N . A similar product structure was found to
be responsible for decoherence in quantum measurement
models [27], where the decoherence factor (the overlaps of
the nal states of detector or a environment) suppresses
the o-diagonal element of its reduced density matrix.





























i, which approaches zero










i has a norm less than unity. To make
a similar argument for the present problem, we need to
nd an expression such that the collective state jJ;M i
becomes factorized. Since we are interested in obtaining
the asymptotically valid results in the limit of large N ,
a short time approximation (small t) can not be simply
adopted. Following early discussions on atomic coherent

























a phase coherent state, that can be expanded according





































































































































































2 are normalized. This points to a strong physi-
cal argument against rapid decoherence of collective spin
state qubits. The question to answer is now clearly how
does O
MM
approach 0 due to inhomogeneous coupling.














We investigate the above question for several model







= 0 and B
(k)
z
satises a normal distribution


















cient being a constant unity for jM j = J but decays with



























as shown in Fig. 1 for a given J
and B
z
. The J dependence (for M = 0) is also shown in
the same gure. Based on our extensive numerical study,



























This result is to be expected based on the collapse and
revival of a quantum wave packet [30], since each indi-
vidual atom collapses with a time constant / 1=
z
, the
collective states of an Guassian ensemble should collapse




) as the net variance
simply adds. This is indeed what we nd forM = 0 or in
general for jM j  J . Equation (12) also indicates that
signicantly reduced decoherence does occur in this case
for jM j  J , a regime where collective spin states are
mostly useful [7, 8, 9, 10, 20, 21]. In fact, for a single
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. Solid line denotes
M = 4 and N = 10 with respect to the lower time axis, while
dashed line denotes M = 2 and N = 2; B
(k)
z
= k is taken
for N = 10 to assure the appearance of revival. For N = 2












FIG. 3: The M dependence of f for J = 200 and B
r
= 10.









+ 0:00697jM j+ 10:62188.
qubit quantum memory involving the two state superpo-
sition of M =  J and  J + 1, the decoherence rate is
just that of a single atom [9]. For small values of N , when




integers, we indeed were able to nd the expected revival
as shown in Fig. 2. This of course will not happen for
an ensemble with a macroscopic N .
























Similar to the previous case, we nd the diagonal term
O
MM





. The J dependence of T
1=2
is in fact











= 10. The M dependence, on the other hand
is more complicated as shown in Fig. 3. Obviously f
does not depend on M linearly as now jO
MM
(t)j seems
to decay faster for larger values of jM j.
The o-diagonal element O
M 6=M
0
(t) grows to signi-






in Fig. 4 when N is not too large. Over-
all, we nd the dependence on the random number sam-
pling is strong only when M  M
0
= 1, so we focus
on M   M
0
= 2 here. Dene T
max
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